INTRODUCTION
============

With just a single electron and a single proton, hydrogen is the smallest atom, yet its generation in the early stages of the universe makes it the most abundant element, constituting 75% of all baryonic mass. The extremely high reactivity of hydrogen means it easily forms covalent compounds with nearly all nonmetallic elements, famously, oxygen and carbon. Hence, identifying and understanding the role of such a ubiquitous element have long been key scientific challenges. In particular, hydrocarbons are one of the most varied and functionalized products at the heart of engineering, chemistry, and life, and hydrogen is often critical in their function.

In general, to investigate the molecular structure in a crystal, analyses by infrared spectroscopy, nuclear magnetic resonance spectroscopy, and x-ray crystallography are commonly used. These offer varying sensitivity to molecular structure, and the presence of hydrogen is generally particularly difficult to establish. Recent improvements in scanning transmission electron microscopy (STEM), namely, aberration correction ([@R1]), allow us to see individual atoms in thin films, and even hydrogen atoms in the crystalline solid YH~2~ can be resolved by annular bright-field imaging ([@R2]). However, for molecules, electron irradiation with high energy strongly limits the resolution, with only rare examples of the observation of small molecular clusters ([@R3]). Thus, the observation of hydrogen atoms in a single molecule via STEM has yet to be achieved.

In contrast, the strong charge redistribution induced by hydrogenation is readily detectable in scanning tunneling microscopy (STM) measurements. Even in the early years of the technique, hydrogen adsorbed on a Si(100) surface was observed via the modulated electronic state of the hydrides ([@R4]). Later studies looked intensively into the chemistry of hydrogen in molecules ([@R5]--[@R11]), including detection of the vibration of the C--H bond via inelastic tunneling current ([@R12]) and of the spin-split state induced by the C--H bond on graphene ([@R13]). Although these studies paved the way for molecular chemistry and engineering, the long range of the molecular orbitals prevents the direct observation of a hydrogen atom in molecules. In atomic force microscopy (AFM), chemical reactivity has been explored in pioneering work on silicon surfaces ([@R14], [@R15]), but extending this to molecules and quantitative bond studies still required innovations in functionalized tip imaging ([@R16]). This offers a tool to finally image internal molecular structure because the onset of the Pauli repulsion and the flexibility of a CO-functionalized tip offer a highly local probe of chemical reactivity ([@R17]), with the promise of directly studying the bonding of hydrogen. Recently, there have been several breakthrough studies of molecular characterization using functionalized AFM ([@R18]--[@R22]), but as yet, observed molecules on surfaces are usually planar and the tip-molecule junction of C═O⋅⋅⋅H--C has never been investigated systematically.

Here, we present the ability of high-resolution AFM to resolve the hydrogen atoms and interactions in carefully chosen configurations of three-dimensional hydrocarbons based on propellane derivatives. The hydrogen atoms located topmost in two stable adsorption configurations were directly observed by detecting the C═O⋅⋅⋅H--C hydrogen bonding. Our density functional theory (DFT) calculations confirm the signature of directional bonding, characteristic of very weak hydrogen bonding.

RESULTS
=======

Pentacene is a planar aromatic molecule that was first used in the context of high-resolution AFM to observe intramolecular bonding ([@R16]). Here, the C--H bonds were also resolved, demonstrating significantly weaker contrast than the C--C bonds. Similar to the C--H bond, the C--F bond in fluoro-substituted aromatic molecules has also been resolved ([@R23]--[@R25]). The contrast of the C--F bond is stronger than that of the C--H because of the larger total charge density of the sigma bond and/or the larger potential depth of the fluorine atom ([@R25]). However, for planar molecules adsorbed on flat surfaces, part of the success of CO-functionalized tips is the enhanced contrast due to the tilting of the CO molecule because it deflects to trace the landscape of the tip-surface energy potential ([@R26]). This has even resulted in mistaken assignment of apparent bonds in images where they should not be physically present ([@R27], [@R28]), further complicating the interpretation of high-resolution images. Even in the case where bond assignment is straightforward, the AFM is resolving the bonds, instead of the carbon, hydrogen, or fluorine atoms themselves. A strategy to overcome this challenge is to engineer a system where the C--H bond would point out perpendicular from the surface, offering the possibility to unambiguously resolve the hydrogen atom in a single molecule. For this reason, we used trinaphtho\[3.3.3\]propellane (TNP) ([Fig. 1A](#F1){ref-type="fig"}) and trifluorantheno\[3.3.3\]propellane (TFAP) molecules ([Fig. 1B](#F1){ref-type="fig"}) in this study ([@R29], [@R30]). They adsorb to the substrate in either the upright (as shown in [Fig. 1](#F1){ref-type="fig"}, top panel) or side-lying ([Fig. 1](#F1){ref-type="fig"}, bottom panel) configuration, with the three-dimensional hydrocarbons at the center, ensuring that C--H bonds are always pointing outward.

![Chemical structures.\
(**A**) TNP ([@R29], [@R30]) and (**B**) TFAP. The top panel shows the top (side) view, and the bottom panel shows the side (top) view for the upright (side-lying) configuration.](1603258-F1){#F1}

Short one-dimensional structures were observed in STM topography when a small amount of TNP was deposited on a clean Ag(111) surface ([Fig. 2A](#F2){ref-type="fig"}). The ends of the structures generally appear semispherical, whereas some appear as simple oval-like at a low bias voltage (fig. S1). Counting these shapes, we found that most of them are composed of TNPs, up to a maximum of a pentamer assembly ([Fig. 2A](#F2){ref-type="fig"}, inset). To analyze the configuration in detail, we switched to AFM using a CO-functionalized tip ([@R16]) and observed the dimer TNPs, as indicated by a dashed box in [Fig. 2A](#F2){ref-type="fig"}. [Figure 2B](#F2){ref-type="fig"} shows the corresponding AFM image, in which two bright spots appear in each molecule, as indicated by red arrows and ovals. Assuming that the contrast relates to the hydrogen atoms, we can conclude that the TNPs are adsorbed as upright. The repulsion between hydrogen atoms in the adjacent TNPs induces the lateral shift in the condensation (fig. S2). An increase in the number of deposited TNPs results in the appearance of larger one-dimensional chain-like structures ([Fig. 2C](#F2){ref-type="fig"}). The corresponding AFM image shows that the dots at the sides of the chains correspond to upright TNPs, as indicated by the red arrows and oval in [Fig. 2D](#F2){ref-type="fig"}, and we also observed many dots within the chain structure. Recalling the chemical structure of TNP ([Fig. 1A](#F1){ref-type="fig"}), we can assign six dots as the hydrogen atoms in the side-lying TNP, as indicated by the yellow arrows and the trigonal-shaped visual guide. Because the height of the side-lying TNPs is shorter than that of the upright TNPs by 140 pm, they appear darker (more negative frequency shift) in constant height mode. Furthermore, even within each side-lying and upright TNP, small corrugations are also observed (fig. S3). Further TNP deposition leads to the formation of films with a 1 × 1 structure of side-lying TNPs, terminating with upright TNPs at the edges ([Fig. 2](#F2){ref-type="fig"}, E and F).

![Experimental observations of TNP and TFAP on Ag(111).\
(**A** to **F**) Series of STM topographies (A, C, and E) of TNP deposited on the Ag(111) surface with increasing coverage and corresponding AFM images (B, D, and F). As the coverage of TNP increases, the ratio of the upright (red arrows) and side-lying (yellow arrow) TNP becomes larger. (**G**) STM topography of upright TFAP and (**H**) corresponding AFM image. Measurement parameters: For STM observations, tunneling current *I* = 1.0 pA and bias voltage *V* = −300 mV (A), *I* = 0.8 pA and *V* = −200 mV (C), *I* = 0.8 pA and *V* = −200 mV (E), and *I* = 0.8 pA and *V* = 500 mV (G); for AFM observations, oscillation amplitude *A* = 60 pm and *V* = 0 mV (B, D, F, and H).](1603258-F2){#F2}

In contrast, no particular self-assembly was seen with TFAP ([Fig. 2G](#F2){ref-type="fig"}), where we mainly observed the formation of dimer configurations. The observed STM topography corrugates more than that of TNP, indicating that the observed TFAP on Ag(111) is upright. The corresponding AFM image shows two bright spots for each TFAP, as indicated by the red arrows and oval ([Fig. 2H](#F2){ref-type="fig"}), where the observed contrast is strongly affected by the tip-sample distance (figs. S4 and S5). In particular, two bright spots, corresponding to the hydrogen atoms, become connected at closer tip-sample distance.

To identify the imaging mechanism, we measured a two-dimensional frequency shift map over TFAP (along I-II in [Fig. 3A](#F3){ref-type="fig"}). The right panel shows the corresponding AFM image, in which the apparent hydrogen atom spacing (about 300 pm) is larger than the calculated value (246 pm). This larger gap reflects that nature of the tip-surface interaction, as will be discussed below. [Figure 3B](#F3){ref-type="fig"} shows the two-dimensional frequency shift map across two hydrogen atoms, measured with a CO-functionalized tip. At a large tip-sample distance, the frequency shift gradually changes to more negative values with the turning point located at *z* = 100 pm over the hydrogen atom. The gap between the two turning points is approximately 280 pm. The corresponding imaging distance set for the right inset of [Fig. 3A](#F3){ref-type="fig"} is *z* = 50 pm. At small tip-sample separation, no significant contrast between two hydrogen atoms is observed. By integrating the frequency shift along the *z* direction, a force map was obtained ([Fig. 3C](#F3){ref-type="fig"} and fig. S6). Although the non--site-dependent, long-range tip-substrate interactions were subtracted from the frequency map ([Fig. 3B](#F3){ref-type="fig"}), the site-dependent molecular-tip interactions remain. Therefore, a dark halo representing an attractive force field is seen around the molecule. The most attractive site is located between two hydrogen atoms and has a strength of −40 pN, of similar order to the atomic-scale van der Waals interaction ([@R31]).

![Quantitative measurements of the C--O⋅⋅⋅H--C bond.\
(**A**) Schematic drawing of the hydrogen bonding measurement on TFAP with a CO-functionalized tip. Right shows the AFM image. Scale bar, 300 pm. (**B**) Two-dimensional frequency shift map. (**C**) Calculated force and (**D**) potentials. Inset shows the same area with a wider contrast. The *z* origin was set at the position of the hydrogen atom. Measurement parameters: *A* = 60 pm and *V* = 0 mV.](1603258-F3){#F3}

To further quantify this interaction, we calculated the potential energy map by integrating the force field ([Fig. 3D](#F3){ref-type="fig"}). A dip of the potential is located at *z* = 25 pm between two C--H bonds. By taking the ridge lines of the potential tails (as indicated by broken green lines), we found that the measured angles (55°) are very close to the chemical model shown in the left inset of [Fig. 3A](#F3){ref-type="fig"}. Furthermore, by taking the defined distance between two hydrogen atoms in TFAP (245 pm), experiments would suggest that the cores of the hydrogen atoms are located at about *z* = 25 pm. However, the onset of strong repulsion with the hydrogen cores means that this is unlikely and the real distance, and observed angle, is a convolution with the tip interaction and deflection, as the theory will show.

To understand the nature of the tip-surface interaction and hydrogen imaging, we performed extensive theoretical calculations of the same molecular system including a CO-functionalized metallic tip. To check the general imaging observed in [Fig. 2](#F2){ref-type="fig"}, we performed simple mechanical AFM modeling ([@R28]) and obtained very similar images of upright and side-lying TNP and TFAP, confirming the configuration of the molecules on the surface (figs. S7 and S8). Taking into account the general issues around image interpretation with CO-functionalized tips ([@R27], [@R28]), we also artificially removed peripheral hydrogens from the molecules, resulting in qualitatively different images (fig. S9) and emphasizing that we are seeing hydrogens rather than just the general molecular topography.

Following this, we used DFT simulations to calculate a total energy map as a function of tip position in a plane through the two hydrogens at the top of the upright TFAP configuration. [Figure 4A](#F4){ref-type="fig"} shows the complete data set, and we immediately see features in the short-range region (less than 100 pm) that are absent from the experimental results shown in [Fig. 3D](#F3){ref-type="fig"}. However, if we take into account that the tip height is unknown in the experiment, we can find a region that compares very well with the experimental energy plot. This is shown in [Fig. 4B](#F4){ref-type="fig"}, demonstrating qualitative agreement with [Fig. 3D](#F3){ref-type="fig"} in terms of potential ranges and also showing a potential well of 35 meV, in agreement with the experimental measurement of about 40 meV (inset of [Fig. 3D](#F3){ref-type="fig"}). This also demonstrates that, at the minimum, the tip is a lot further from the molecule than what is suggested by the experiments (hydrogens are at 300 pm from the tip at the minimum). In addition, the predicted angle of (55°) is related to the interaction, not to the C--H bond angle.

![Simulated results on the TFAP molecule.\
(**A**) Calculated total energy plot as a function of tip position over the molecule. The molecular structure in the bottom panel is at the height included in the simulation setup, such that the energies plotted along the *x* axis are at 150 pm from the hydrogen atoms. (**B**) Zoomed-in image of the area shown by a dashed green line in (A), where the green star shows the lowest energy position used in the other three images. (**C**) Snapshot of the system configuration. (**D**) Calculated charge density at a contour of 0.05 eV·Å^−1^. (**E**) Differential charge density at contours of −0.05 (red) and 0.05 eV·Å^−1^ (blue).](1603258-F4){#F4}

If we focus on the energy minimum, we can see that it exists at a distance of about 300 pm between the oxygen on the tip and the hydrogens in the molecule. The distance and energy magnitude would be characteristic of a very weak hydrogen bond ([@R32]), and analysis of [Fig. 4D](#F4){ref-type="fig"} shows that, as expected, there is no significant electron density between O⋅⋅⋅H. Calculating the differential charge density by subtracting the density of the isolated tip and molecule from the total system, [Fig. 4E](#F4){ref-type="fig"} shows that there is a small charge transfer from the oxygen at the tip apex into the rest of the tip at the minimum. Note here that the asymmetry is due to the left hydrogen being 20-pm closer to the oxygen and that a mirror image would be obtained moving the tip along the *x* axis closer to the right hydrogen. In this minimum, the nonlinear bond angle agrees with previous studies of C--H⋅⋅⋅O bonds, favoring nonlinear configurations and suggesting that it is not van der Waals interaction alone ([@R33]), although much finer sampling would be needed to estimate the angle accurately \[for TNP, where the C--H bond is vertical, calculations show differences in the type of differential charge density to TFAP for a similar configuration, supporting this analysis (fig. S10)\]. The study of the charge state and electrostatic potential shows that the CO tip has the expected complex interplay of the Smoluchowski effect--induced positive dipole from the metal tip and the negative charge accumulation in front of the oxygen atom due to its lone pair ([@R34]). This combination interacting with the very weakly charged hydrogens results in the weak attraction in this regime, with the O⋅⋅⋅H interaction dominating. At longer range, the lack of polarity in TFAP means that the interaction is basically zero once the long-range van der Waals is removed. Reducing the tip-surface distance beyond this point soon results in entering the strongly repulsive region, and we observe significant deflections of the CO at the tip apex (fig. S11).

DISCUSSION
==========

In summary, we have shown that high-resolution AFM with a CO-functionalized tip can resolve the outmost hydrogen atoms of single molecules directly via the O⋅⋅⋅H--C intermolecular interaction. This very weak interaction, caused just before the onset of Pauli repulsion, is responsible for the spatially localized contrast of the hydrogen atom and was used as a marker to identify the adsorption geometry of the three-dimensional hydrocarbon. Potentially, this technique can be expanded for identifications of more complex large molecules such as DNAs and polymers. Furthermore, here, we used a linear O⋅⋅⋅H--C system for the direct detection of the intermolecular interaction. This geometry, in principle, allows us to investigate any kind of intermolecular interactions in a quantitative manner at the atomic scale.

MATERIALS AND METHODS
=====================

Experimental
------------

All experiments were performed with the Omicron STM/AFM with a qPlus configuration ([@R35]), operating at 4.8 K in ultrahigh vacuum. A clean Ag(111) surface was prepared in situ by repeated cycles of standard sputtering and annealing. The W tip of a tuning fork sensor was sharpened ex situ by focused ion beam milling and was then covered in situ with Ag atoms by contacting to the sample surface. TNP ([@R30]) and TFAP ([@R30]) were deposited on Ag(111) surfaces from a crucible of Knudsen cell, resistively heated at 160° and 230°C, respectively. The resonance frequency of the self-oscillating qPlus sensor was detected by a digital lock-in amplifier (Nanonis OC4 and Zurich Instruments HF2LI-PLL). In STM mode, the tip was biased, whereas the sample was electronically grounded. The topographic images were taken in a constant current mode. In AFM mode, the tip apex was terminated by a CO molecule ([@R16]), and all images were taken at a constant height mode.

Theoretical calculations
------------------------

All first-principles calculations in this work were performed using the periodic plane-wave basis VASP (Vienna ab initio simulation package) code ([@R36], [@R37]) implementing the spin-polarized DFT. To accurately include van der Waals interactions in this system, we used the optB86B + vdW-DF functional, selected on the basis of a previous work showing that it provides a sufficiently accurate description for all subsystems involved in the measurement ([@R38]--[@R40]). Projected augmented wave potentials were used to describe the core electrons ([@R41]), with a kinetic energy cutoff of 550 eV (with PREC = accurate). Systematic *k*-point convergence was checked for all systems, with sampling chosen according to system size and the gamma point being used for the final production run. This approach converged the total energy of all the systems to the order of a millielectron volt. The properties of the bulk and surface of copper, CO adsorption on copper, and the isolated molecular structure, were carefully checked within this methodology, and agreement was achieved with the experiments. Bader charge analysis was used to estimate charge transfer in the simulations ([@R42]).

The tip model consisted of a 10-atom pyramid cluster adsorbed onto a periodic (111) three-layer copper surface slab (see fig. S10). This model was chosen after an extensive study into possible CO-metallic tip structures (to be published separately), which showed that the most stable and representative tip models include a surface above the sharp apex---the proximity of several sharp apices on isolated metallic clusters usually produced unrepresentative interactions due to the cumulative Smoluchowski effect ([@R43]). This tip was then scanned over the isolated molecule in the *xz* plane, calculating the relaxed total energy in a grid of about 250 points. In these simulations, the force tolerance was 0.01 eV·Å^−1^, with the top three layers of the tip and the bottom half of the molecule kept frozen. For the final energy plot shown here, this grid was interpolated to an order of magnitude increase in fineness to smooth out the data. In these calculations, we made two assumptions: (i) the substrate under the molecule contributes only to long-range forces and can be ignored and (ii) a CO-functionalized copper tip captures the key properties of a CO-functionalized silver tip. For these assumptions, the quantitative agreement with experiments seems to justify their use.

Calculated AFM image
--------------------

Here, we used the model developed by Hapala *et al*. ([@R28]) and extended it by adding electrostatic interactions on top of the van der Waals interactions. The molecular structure was taken from the DFT simulations, and the charges were extracted from the DFT calculations via Bader charge analysis ([@R42]). The mechanical AFM model relied on empirical Lennard-Jones parameters, which were taken from the CHARMM force field ([@R44]). All other parameters were the same as intended by Hapala *et al*., and the simulated AFM scan was performed at a resolution of 2.5 pm (in all directions), with a force tolerance criterion of 4 × 10^−6^ eV·Å^−1^. The three-dimensional force field was subsequently converted into a frequency shift image ([@R45]) using the experimental parameters (*f* = 23 kHz, *A* = 60 pm, and *k* = 1800 Nm^−1^).
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fig. S1. STM topography of standing TNP molecules.

fig. S2. Electrostatic potential surface maps.

fig. S3. Force spectroscopy of TNP.

fig. S4. AFM images of TNP.

fig. S5. AFM images of TFAP.

fig. S6. Detailed explanation of force spectroscopy.

fig. S7. Simulated AFM images of TNP and TFAP.

fig. S8. Simulated AFM images of upright TFAP.

fig. S9. Simulated AFM images of side-lying TNP.

fig. S10. Atomistic snapshots of the tip-surface system.

fig. S11. Simulated results on the upright TNP molecule.
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